INTRODUCTION
Nontypeable (non-encapsulated) Haemophilus influenzae (NTHi), a Gram-negative cocco-baccillus, is normally a human nasopharyngeal commensal organism, which can become an important human pathogen in both adults and children. In years past, some investigators suggested that NTHi were variant forms of encapsulated H. influenzae that had lost their capsule during passage in vitro. With the identification of the capsular biosynthesis genes and the advent of whole genome analysis, it has been established that strains of NTHi lack the genetic machinery involved in capsule biosynthesis. In addition, nontypeable H. influenzae affect different patient populations, cause different infections, present different surface antigens to the host, and are genetically different from the encapsulated strains.
In view of the fact that NTHi strains lack a capsular antigen, investigators have searched for virulence factors associated with this organism, which would confer protection against host defense mechanisms, particularly those associated with complement mediated bactericidal activity. Among other Gram-negative species, the lipopolysaccharide (LPS) is frequently a factor in conferring resistance to complement mediated lysis. These organisms generally have an LPS with repetitive O-antigen structures that act as a shield, which deters formation of the complement attack complex on the surface of the bacterium. NTHi also lacks the genes associated with O-antigen formation and forms a surface glycolipid structure, which has a lipid A-ketooxyoctanoateheptose core region capped by no more than nine to ten sugars. This structure is embedded in the outer membrane of the organism. Given the short carbohydrate component, this glycolipid has been termed a "lipooligosaccharide (LOS)" to distinguish it from the O-antigen containing LPS structures found on Gram-negative bacteria present in the gastrointestinal tract or in the environment. In general, Gram-negative bacteria (Neisseria, Haemophilus, and Moraxella) found on the non-gastrointestinal mucosal surfaces of the airway and genital tract have LOS as their principle glycolipids rather than LPS. A number of these species are exclusive human colonizers and have evolved such that their LOS structures mimic human glycosphingolipid antigens including paragloboside, pK antigen and "i." An important component of this mimicry is the addition of N-acetyl-5-neuraminic acid (Neu5Ac) to the terminus of the LOS structures. This enhances the immune evasion provided by the antigenic mimicry and adds a strong negative charge and hydrophilicity to the surface of the organism, which also acts to reduce the potential for hydrophobic interactions with host innate immune factors that would be detrimental to the organisms. Mandrell and co-workers first showed that the majority of NTHi strains expressed LOS structures which were sialylated and formed structures which mimicked human glycosphingolipid antigens (Mandrell et al., 1992) . The addition of Neu5Ac to the LOS of NTHi increases the resistance of the organism to killing by normal human serum. In chinchilla models of otitis media, the ability of NTHi to incorporate Neu5Ac onto the LOS is crucial for development of the infectious process. This would indicate that the ability of the organism to cap its LOS structures with Neu5Ac is critical for the pathogenic potential of the organism.
The genome of NTHi is relatively small (∼2.1-2.2 Mb) and it has adapted well to the very narrow nasopharyngeal environmental niche in which it resides. This has resulted in the loss of synthetic capabilities found in other Gram-negative organisms with larger genomes. As an excellent example of environmental adaptability, NTHi has lost the ability to synthesize Neu5Ac. This might be surprising considering the importance of Neu5Ac for its survival as a pathogen in the human environment. However, NTHi lives in a sea of sialic acid (Neu5Ac) associated with the mucins (15% of the carbohydrate structure is Neu5Ac) found on the airway surfaces. The organism has adapted a number of mechanisms to acquire, control, and incorporate this important sugar into its membrane structures.
SIALIC ACID
Sialic acids (NeuAc) are a diverse family of nine carbon acidic sugars, of which there are around 40 derivatives known to date (Schauer et al., 1995) . The most common sialic acid is N-5-acetylneuraminic acid or Neu5Ac (Figure 1) . This sugar is formed by the condensation of N-acetylmannosamine-6-phosphate and pyruvate (Figure 2) . The most distinguishing features of the molecule are the carboxyl group at C1 and the amino group at C5. The carboxyl group at C1 gives the molecule a net negative charge, and is responsible for its acidic nature. The molecule's negative charge and relatively large size are two key features in how it plays a role in biology. NeuAc is usually the terminal sugar on carbohydrate structures (oligo-and polysaccharides), glycoproteins and glycolipids of mammals, birds, fungi, bacteria metazoans, and archaea.
NeuAc and its derivatives are found on cell membranes and body fluids in all mammals and many higher order animals, as well as pathogenic microorganisms. Typically only a few derivatives of Neu5Ac are seen in each individual species. In addition to this, the derivatives of NeuAc can be tissue or developmentally specific. The molecule is typically modified at positions C1, C4, C5, C7, C8, or C9. The most common NeuAc of mammalian cells are the N-acetylneuraminic acids (Neu5Ac) and N-glycolylneuraminic acid (Neu5Gc) (Varki, 2001) . The addition of a hydroxyl group to the amino moiety at position C5 forms Neu5Gc. Neu5Gc is fairly common in animal species other than humans, but is found in humans only in association with certain forms of cancer (Narayanan, 1994; Sillanaukee et al., 1999) . Normal humans are the exception, because of a mutation in CMP-sialic acid hydrolase. This enzyme is responsible for the addition of a single oxygen atom to Neu5Ac converting it to Neu5Gc (Brinkman- Van der Linden et al., 2000) . In humans, this enzyme has no hydroxylase activity because of a large deletion caused by a deletion/frame shift mutation in the human gene. In contrast, the great apes including the chimpanzee, bonobo, gorilla, and orangutan, our closest animal relatives, have a functional CMP-Neu5Ac hydrolase, and can express Neu5Gc in large amounts. In some tissues, this is the predominate NeuAc.
Other common forms of modification are O-methylation and O-acetylation. These modifications can have a profound impact on the properties of sialic acid. For example, acetylation at C9 can make the sialic acid resistant to cleavage by sialidases, which catalyze the removal of sialic acid from glycoproteins and glycolipids.
The metabolism and nucleotide derivatization of Neu5Ac is well described (Figure 2) . Entry of metabolites into the pathway can occur at multiple points. Fructose and D-glucosamine can be an entry point for the pathway. Neu5Ac and CMP-Neu5Ac can enter the pathway in bacteria from the external environment through dedicated cell membrane transporters (Martinez et al., 1995) .
SYNTHESIS AND INCORPORATION OF SIALIC ACID BY MICROBES
Many pathogenic bacteria have evolved mechanisms to evade human defense mechanisms based on the surface exposure of Neu5Ac. A common theme in this mimicry is the incorporation of Neu5Ac as a component of either the capsular polysaccharide or the LOS or both. Based on an understanding of the biosynthesis of sialic acid and the evolving elucidation of the genomes of multiple microbes, Vimr and Lichtensteiger have described at least four mechanisms of microbial surface sialylation (Vimr and Lichtensteiger, 2002) . These include de novo synthesis, donor scavenging, trans-sialylation, and precursor scavenging. Neisseria meningitidis serogroups B, C, Y, and W-135 can synthesize sialic acid for incorporation into capsular polysaccharides and LOS. Neisseria gonorrhoeae cannot synthesize or convert Neu5Ac to the nucleotide sugar form and must scavenge the donor, CMPNeu5Ac, to sialylate its LOS structure. Trypanosoma cruzi does not synthesize or catabolize free sialic acid. It expresses a developmentally regulated sialidase, which it uses for surface sialylation by a trans-sialidase mechanism. The sialyltransferase activity of the sialidase is greater than its hydrolytic activity as long as the appropriate galactosyl acceptor is available.
THE Neu5Ac OPERONS IN NTHi
H. influenzae scavenges the precursor, Neu5Ac, to sialylate its LOS and biofilm. It must rely on scavenging of Neu5Ac from the environment because it cannot synthesize Neu5Ac. In addition, it has the means to use Neu5Ac as a source of carbon and nitrogen through a complex Neu5Ac catabolic system. The genes involved in the transport and metabolism of Neu5Ac are arranged in two adjacent tandem operons, which are transcribed in opposite directions (Figure 1) . The operon involved in Neu5Ac transport contains three genes encoding for a Neu5Ac binding protein (siaP), a transporter (siaT), and a protein which appears to be a homolog of Escherichia coli yjhT that is involved in the conversion of the β-anomer of Neu5Ac to the α-anomer (Severi et al., 2008) . The binding protein (SiaP) and transporter (siaT) are homologous to a system of tripartite ATP-independent periplasmic transporters (TRAP) found in other bacterial species. These transporters differ from the better-characterized ABC-protein transporter family (Colli, 1993) in that they do not possess an ATP-binding cassette protein and are not driven by ATP hydrolysis but rather by an electrochemical ion gradient (Haft et al., 1996) (Figure 3) . When the amino acid sequences of the NTHi binding protein and other members of this family of solutebinding proteins were aligned, the comparison allowed for the identification of three major groups based on sequence similarity and putative substrate: Neu5Ac, C 4 -dicarboxylates, and pentose sugars. Surface plasmon resonance studies in which the Neu5Ac was replaced with glucose, galactose, glucosamine, N-acetylglucoamine, or N-acetylmannosamine showed that SiaP did not bind any of these sugars. From the isothermal calorimetry data it was determined that the stoichiometry of binding of NeuAc to SiaP was 1:1. Severi et al. reported that the SiaP from H. influenzae RM118 had a stoichiometry of 1:1 and a K d of 0.12 μM (Severi et al., 2005) . The K d values suggest that the SiaP/NeuAc binding interaction is a high affinity interaction. The failure of SiaP to bind KDO, an eight-carbon keto sugar, is indicative of the high specificity of this binding protein. The crystallographic structure and binding characteristics of this protein have been described (Severi et al., 2005; Johnston et al., 2008) .
Evidence that SiaT was the Neu5Ac transporter was shown by the fact that NTHi siaT and siaTnanA mutants were both incapable of sialic acid uptake (Johnston et al., 2008) . This indicated that the siaT gene product is required prior to activation of Neu5Ac by the CMP-sialic acid synthetase, thus implicating SiaT as the transporter in NTHi. Based on hydrophobicity plots, the Neu5Ac transporter appears to have 16 transmembrane domains. It is a fused version of the DctP/DctM proteins found in other TRAP transporter systems (Figure 2) .
Sialic acids on glycoconjugates are sequestered as the α-anomer, while sialic acid in solution has been shown to slowly mutorotate from the α-anomer to the β-anomer. The E. coli yjhT homolog has been shown to convert this β-anomer of sialic acid back to the α-anomer (Severi et al., 2008) . It is believed that the function of the NTHI gene in this uptake operon fulfills this function for NTHi.
The metabolic operon consists of five genes involved in metabolizing Neu5Ac and a gene involved in the regulation of the uptake and metabolic process (Figure 1) . The five metabolic genes are nanE, nanK, nanA, nagB, and nagA, which encode N-acetyl-mannosamine-6-phosphate-2-epimerase, N-acetylmannosamine kinase, N-acetyl-neuraminate lyase, glucosamine-6-phosphate deaminase, and N-acetyl-glucosamine-6-phosphate deacetylase.
NTHi CMP-Neu5Ac SYNTHASE
Prior to its transfer to glycolipids and glycoproteins, sialic acid has to be activated by the addition of a cytidine-5 -monophosphate (CMP) group (Figure 2) . This activation of sialic acid is absolutely essential for sialylation to occur. A very unique feature of this activation is the presence of only one phosphate in the nucleotide/sugar linkage (Tullius et al., 1996) , as opposed to two present in most other sugar nucleotides (Kean, 1991) . A gene responsible for this activity has been identified in a number of bacterial organisms, including E. coli, Streptococcus agalactiae, N. meningitidis, H. ducreyi, and H. influenzae (Zapata et al., 1989; Ganguli et al., 1994; Haft et al., 1996; Tullius et al., 1996; Hood et al., 1999) . The gene, called neuA, in E. coli, and N. meningitidis is part of their capsular loci. The neuA gene in H. ducreyi shares homology to other known CMP-NeuAc synthetases, and is transcriptionally coupled to its sialyltransferase gene (Tullius et al., 1996; Bozue et al., 1999 ). This same gene in H. influenzae (designated siaB) is not in close proximity with any other known LOS, capsule, or sialylation genes (Hood et al., 1999) . In all cases, a deletion in the CMP-NeuAc synthetase results in no detectable sialic acid in the LOS, LPS, or capsules of the organisms.
NTHi SIALYLTRANSFERASES
The sialyltransferases from bacteria catalyze the same basic reaction as the mammalian sialyltransferases. There are key differences in how they are isolated, their structures, and the specificity for acceptor structures, however. Bacteria contain sialylated structures in either their LOS/LPS or in their capsule. A great deal of work has been done on Neisserial sialyltransferases from both N. gonorrhoeae and N. meningitidis. To date, there have not been any bacterial sialyltransferases identified that have homology to mammalian sialyltransferases. Most notably, there is no homology to the "classic" sialylmotifs of these mammalian enzymes. For this reason, identification by PCR or Southern hybridization using mammalian sequences has not been possible.
Sialyltransferases from both N. meningitidis and N. gonorrhoeae LOS were first cloned and characterized by Gilbert et al. (1996) . They were cloned by screening a DNA library made from a strain of N. meningitidis. Using a sensitive enzyme assay based on the transfer of sialic acid to synthetic fluorescent acceptors, this group was able to identify a sialyltransferase capable of transferring NeuAc with an α2,3-linkage to a N-acetyllactosamine acceptor. Strains of N. meningitidis capable of producing a sialic acid capsule contain a α2,8-polysialyltransferase in addition to the α2,3-sialyltransferase (Edwards et al., 1994) .
Once the gene from N. meningitidis was cloned, probes were made to amplify a similar enzyme from N. gonorrhoeae. There was a high degree of homology between the two sialyltransferases, with only 16-17 amino acid differences sporadically located along the length of the 371 amino acid proteins (Gilbert et al., 1996) . In addition to not containing any homology to the sialylmotifs of the mammalian sialyltransferases, these bacterial enzymes had more ambiguity in the acceptor structures they could recognize. Although there was a preference for the N-acetyllactosamine structure, sialic acid could also be transferred to lactose or galactose. In a more detailed study of the enzymatic properties of this enzyme, it was shown that NeuAc could be transferred to α-terminal or β-terminal galactose residues and β1,4-linked or β1,3-linked galactose (Gilbert et al., 1996) . Ambiguity was also observed in the type of sialic acid able to be transferred, as Npropionylneuraminic acid and NeuGc could also be used with reduced efficiency.
A sialyltransferase has also been identified using a genetic approach in H. ducreyi. The LOS structure sialylated in H. ducreyi contains a terminal lactosamine structure (Melaugh et al., 1992 (Melaugh et al., , 1994 . A gene was identified in this organism, designated lst, which was located downstream of neuA (a CMP-NeuAc synthetase) (Bozue et al., 1999) . Mutational analysis of the two genes indicated that they are transcriptionally linked. The lst gene is thought to represent a novel class of bacterial sialyltransferases, because it does not contain strong homology to any known bacterial or mammalian sialyltransferases and contains only weak homology to the E. coli capsular polysialyltransferase (Vimr et al., 1992; Bozue et al., 1999) .
Campylobacter jejuni is able to synthesize a number of sialylated LPS structures, some of which mimic human gangliosides (Moran et al., 1991; Aspinall et al., 1993; Prendergast et al., 1998; Gilbert et al., 2000; Guerry et al., 2000) . C. jejuni strain OH4384 produces an LPS similar to the ganglioside GD1a (NeuAcα2-8NeuAcα2-3Galβ1-3GalNAcβ1-4Gal-(NeuAcα2-3)β1,3Hep). Using the same strategy used to clone the Neisseria sialyltransferases, two genes were identified that contained sialyltransferase activity, designated cstI and cstII (Gilbert et al., 2000) . There was a great deal of homology between the two genes, and it was hypothesized that cstI occurred through a duplication event and subsequent genetic drift. CstI transfers NeuAc α2,3-linked to lactose, while CstII was shown to be bi-functional, capable of transferring sialic acid α2,3-linked to either lactose or α2,8-linked to another NeuAc.
Another novel class of bacterial sialyltransferases was identified in the marine bacterium Photobacterium damsela (Yamamoto et al., 1998) . The protein was purified using a detergent extract, which was also required for activity, indicating it was a membrane-associated protein. Further analysis of the cloned gene (bst) revealed a predicted α-helical structure in the Cterminus that could function in membrane insertion (Yamamoto et al., 1998) . Deletion of this C-terminal sequence resulted in the detection of the soluble enzyme in the supernatant. Enzyme assay analysis showed that both lactose and N-acetyllactosamine were the preferred acceptor structures, however NeuAc could be transferred to either a galactose or a N-acetylgalactosamine (Yamamoto et al., 1996) . The most surprising function of this enzyme was its linkage specificity, transferring NeuAc α2,6-linked to the terminal sugar. This was the first identified bacterial sialyltransferase to preferentially add sialic acid with this linkage. Wakarchuk et al. identified an α2-6-linked sialic acid attached Frontiers in Cellular and Infection Microbiology www.frontiersin.org to a P k antigen structure (Galα1-4Galβ1-4Glc) on the LOS of N. meningitidis (Wakarchuk et al., 1998) . It is not known if there is a second sialyltransferase involved in this linkage, or if the α2,3-sialyltransferase already identified in this organism can account for this activity. The sequenced genome of H. influenzae strain Rd has greatly increased the ability to identify genes involved in LOS biosynthesis, including sialyltransferases (Fleischmann et al., 1995) . There are at least four genes in the NTHi databases with homology to known sialyltransferases, these are lic3A (Hood et al., 2001) , lsgB (Jones et al., 2002) , siaA (Jones et al., 2002) , and lic3B (Fox et al., 2006) . The first gene encoding an NTHi sialyltransferase identified was lic3A. Lic3A has approximately 40% identity (at the protein level) to cstII from C. jejuni (Hood et al., 2001) . Lic3A has been shown to sialylate a galactose (sialyl-α-(2−3)-lactosyl extension) as part of a lactosyl group coming from the distal heptose. As shown by Hood and co-workers, the activity is modulate by competition for the acceptor by LgtC (Hood et al., 2001) . The second and third sialyltransferase found in H. influenzae were LsgB and SiaA (Jones et al., 2002) . LsgB has 27% identity and 46% similarity to the N. meningitidis α2-3 sialyltransferases (Phillips et al., 2000; Jones et al., 2002; Fox et al., 2006) . Sia has 44% identity and 60% similarity with Lst from H. ducreyi over the entire length of the proteins (Bozue et al., 1999; Jones et al., 2002) . Lst has been shown to be an H. ducreyi a2-3 sialyltransferase (Bozue et al., 1999; Jones et al., 2002) . Findings indicate that this protein adds sialic acid to a terminal N-acetyllactosamine structure on the LOS (Jones et al., 2002) . Fox and co-workers have identified the most recent sialyltransferase in NTHi, Lic3B. This enzyme is a very close homology of Lic3A and is present in over 50% of NTHi strains tested (Fox et al., 2006) . Like lic3A, this enzyme has been shown to be phase variable based on the tandem repeats tetranucleotide CAAT repeats just within the 5 end of the open reading frame. Lic3B also appears to be bifunctional similar the Cst1 found in C. jejuni. Lic3B has both α2-3 and α2-8 sialyltransferase activities as well as trans-sialidase activity (Fox et al., 2006) .
A trans-sialidase is a bi-functional enzyme first found in the genus Trypanosoma. The enzyme catalyzes two reactions. The first is a trans-sialidase reaction, where sialic acid is cleaved from glycoconjugates free in solution or attached to a host membrane. The sialic acid can then either be hydrolyzed to form free sialic acid, or transferred to a mucin like glycoprotein found on the Trypanosoma cell surface (Schenkman et al., 1994) . The enzyme has been identified in two pathogenic forms of Trypanosomes; T. brucei, the causative agent of African sleeping sickness, and T. cruzi, the causative agent of Chagas disease. The biological properties of trans-sialidases have been studied by a number of investigators (Colli, 1993; Cross and Takle, 1993; Schenkman et al., 1994) . Trans-sialidases have a very high specificity for α2,3-linked sialic acid attached to a penultimate galactose residue on host glycoconjugates. The enzyme is not able to transfer either free Neu5Ac or CMP-Neu5Ac. The best acceptor structure is lactose, but maltose (Glcα1-4Glc) or cellobiose (Glcβ1-4Glc) can be used with decreased efficiency. The pH optimum for TS is around 7.0, which is different from the other sialidase enzymes, which have a pH optimum between 5.0 and 5.5.
While evidence for similar trans-sialidase activity in NTHi has not been conclusively shown, Lic3B could potentially have the capability of removing Neu5Ac from mucin if it can be secreted. Whether it would function extracellularly similar to the transsialidase in Trypanosomes has not been shown and there is no evidence for secretion or an export mechanism for the enzyme.
ROLE OF Neu5Ac IN NTHi PATHOGENESIS
Neu5Ac plays an important role in pathogenesis of NTHi infection in serum sensitivity, biofilm formation and the evolution of human antibodies to glycosyl structures containing N-glycol-5-neuraminic acid.
Hood and co-workers demonstrated that sialic acid incorporation into the LOS structure had the capability of protecting the organism against complement mediated antibody-dependent bactericidal activity (Hood et al., 1999) . These investigators demonstrated that a CMP-NANA synthetase mutant (siaB) resulted in a sialylation deficient mutant, which was altered the serum resistance of the wildtype strain.
Greiner and co-workers (Greiner et al., 2004 ) and Swords and co-workers (Swords et al., 2004) demonstrated that Neu5Ac promoted biofilm formation. Confocal and electron microscopy demonstrated that the biofilm produced by the siaB mutant had a significantly reduced high and a smaller mass than that formed by the wildtype organism. After 24 h, the majority of the organisms in the biofilm formed by the mutant were not viable (Greiner et al., 2004) . Of note, one feature on electron microscopy was the absence of patent water channels in the biofilm formed by the siaB mutant. Based on this it is interesting to postulate that the sialic acid on the LOS might be a factor in maintaining the patency of the water channels allowing flow of nutrients and water into the interstices of the biofilm.
Recent studies have demonstrated that the non-human sialic acid N-glycolneuraminic (Neu5Gc) can be metabolically incorporated into human tissue from certain mammalian-derived foods. Recent evidence indicates that this process can contribute to chronic inflammation in some individuals (Surolia et al., 2010) . Studies have demonstrated that while Neu5Gc cannot be synthesize by bacterial species it can be taken up by NTHi and incorporated into its LOS surface structures. Appearance of antibodies in infants to Neu5Gc structures correlates with nasopharyngeal colonization with NTHi and it has been postulated that this may be the source of these antibodies (Taylor et al., 2010) . Thus, xeno-autoantibody formation in humans may be a bystander reaction of sialic acid incorporation during NTHi colonization and infection.
CONCLUSIONS
NTHi is an exclusive human pathogen, which has evolved a number of unique mechanisms to survive within the human environment. An important part of this is the ability of the organism to take up and incorporate sialic acid into its surface structures. This protects the organism against host adaptive and innate immune factor as well as serving as a mechanism for sustaining itself within biofilms. Recent evidence suggests that this also may be the source of the evolution of human antibodies to non-human sialic acid structures which can lead to inflammation in the host.
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